INTRODUCTION {#SEC1}
============

When cells are exposed to stress signals like DNA damage, telomere erosion or hypoxia, a cellular stress response is triggered, leading to cell-cycle arrest, apoptosis and senescence ([@B1]). A key regulator of the cellular stress response is the protein p53, which is a transcription factor that can activate and repress many target genes ([@B2],[@B3]). Recently, it was discovered that among p53 targets are genes for long non-coding RNAs (lncRNAs) ([@B4]). One of these p53-targeted lncRNAs is the long intergenic non-coding RNA p21 (lincRNA-p21, formally known as Tp53cor1) ([@B5]).

LincRNA-p21 was originally discovered in mice, where it is a transcript of ∼3 kb located proximal to the gene encoding the cell-cycle regulator p21/Cdkn1a (Figure [1A](#F1){ref-type="fig"}) ([@B5]). Under stress conditions, such as DNA damage, p53 activates transcription of mouse lincRNA-p21 (mLincRNA-p21), which accumulates in the nucleus and associates with the heterogeneous nuclear ribonucleoprotein K (hnRNP-K) to regulate transcription of specific target genes ([@B5]--[@B7]). LincRNA-p21 is also present in humans (hLincRNA-p21, formally known as TP53COR1). The hLincRNA-p21 has been proposed to promote apoptosis through a feedback mechanism that enhances p53 transcriptional activity in the nucleus ([@B8]). However, unlike mLincRNA-p21, hLincRNA-p21 is also exported to the cytoplasm, where it was found to repress the translation of specific target genes through activation of the RISC complex and to induce glycolysis under hypoxic conditions ([@B9]--[@B11]).

![The human lincRNA-21 is a single exon lncRNA that contains IR*Alu* elements. (**A**) Diagram of precursor (Pre-RNA) and mature mouse lincRNA-p21 (mLincRNA-p21) and of the previously reported partial sequence of human lincRNA-p21 (hLincRNA-p21) \[adapted from Yoon *et al*. ([@B9])\]. The asterisk represents the p53 protein binding site. The shaded box represents a region of sequence homology between mLincRNA-p21 and hLincRNA-p21. (**B**) RT-PCR performed on total RNA from HEK293, Hela, H1299, MCF-10A, HCT-116 and MCF-7 cell lines and on primary dermal fibroblasts. Four different primer pairs were used to amplify portions of exon 1 (E1), the putative exon1-intron junction (US), the putative exon1--exon2 junction (Sp) and exon 2 (E2). H stands for housekeeping gene (tRNA-Lys for HeLa and ACTB for all other cell lines). MW is a DNA size ladder expressed in base pairs. (**C**) Comparative diagram of the full-length sequence isoforms of hLincRNA-p21 as obtained by 3′ RACE on HEK293 cells and the previously reported partial sequence of hLincRNA-p21. (**D**) Schematic representation of hLincRNA-p21 with associated UCSC Genome Browser tracks depicting ENCODE H3K4me3 and H3K27Ac ChIP-seq coverage as well as CSHL Long RNA-seq coverage ([@B26]). (**E**) Northern blot analysis of hLincRNA-p21 in nuclear RNA from HEK293 and HCT-116 cell lines and of total and nuclear RNA from primary dermal fibroblasts. A probe hybridizing with the 5′ end of hLincRNA-p21 was used. (**F**) Maximum CSF scores of hLincRNA-p21 isoforms and CDKN1A (p21) RNAs determined by analysis with PhyloCSF ([@B27]). (**G**) Quantification of hLincRNA-p21 copy number per cell determined in the HCT-116 cell line by qRT-PCR.](gkw599fig1){#F1}

One limitation to further investigation into the role of hLincRNA-p21 is that its sequence has not yet been completely annotated. Furthermore, some reports on hLincRNA-p21 were carried out using truncated constructs (Figure [1A](#F1){ref-type="fig"}) ([@B9],[@B11]--[@B13]). In addition, homology between mouse and human lincRNA-p21 is limited to a short region of 130 nt at the 5′ end of each transcript. The increasing evidence of an important role for hLincRNA-p21 in severe diseases, including colorectal cancer ([@B14],[@B15]), skin cancer ([@B16]), liver cancer ([@B17]), rheumatoid arthritis ([@B13]) and atherosclerosis ([@B8]) makes it crucial that we obtain a deeper understanding of the molecular properties of hLincRNA-p21.

To this end, we have characterized the complete sequence of hLincRNA-p21 and we have discovered that the hLincRNA-p21 gene is transcribed into two isoforms that contain inverted repeat *Alu* elements (IR*Alus*) that influence function of the RNA. Both sense and antisense *Alu* elements of hLincRNA-p21 are highly conserved among primates and they fold as independent domains. We show that the IR*Alus* are involved in hLincRNA-p21 nuclear localization in the cell and that hLincRNA-p21 colocalizes with the lncRNA NEAT1 in paraspeckles during the course of the stress response. Our data establish the active isoforms of hLincRNA-p21 and their subcellular localization, and we demonstrate the critical role that tertiary structural elements play in hLincRNA-p21 function.

MATERIALS AND METHODS {#SEC2}
=====================

Rapid amplification of cDNA ends (RACE) {#SEC2-1}
---------------------------------------

Total RNA was extracted from HEK293 cells using Trizol (Thermo). The 3′ RACE protocol for detecting polyadenylated transcripts was performed using the FirstChoice RLM-RACE Kit (Thermo), following manufacturer\'s recommendations. The 3′ RACE protocol for detecting non-polyadenylated transcripts was performed by ligating total RNA to a 3′ RNA adapter using T4 RNA ligase (NEB) at 37°C for 2 h followed by overnight incubation at 16°C. The cDNA was generated using Thermoscript reverse transcriptase (Thermo) with a primer complementary to the RNA adapter. The sequence of the 3′ end of the molecule was determined by nested polymerase chain reaction (PCR) with primers that anneal to the RNA adapter and specific primers that anneal to known regions of the hLincRNA-p21 sequence ([@B9]). The list of primers and oligonucleotides used for 3′ RACE are provided in Supplementary Table S1.

Cell lines, DNA damage induction and transfections {#SEC2-2}
--------------------------------------------------

HEK293 (ATCC^®^ CRL-1573), HeLa (ATCC^®^ CCL-2) and MCF-7 cell lines were grown in Dulbecco\'s modified Eagle\'s medium medium containing high glucose (Thermo) supplemented with fetal bovine serum to a final concentration of 10%. NCI-H1299 (ATCC^®^ CRL5803) cell line was grown in RPMI-1640 medium (Thermo) and HCT-116 (ATCC^®^ CCL247) and U-2 OS (ATCC^®^ HTB96) cell lines in McCoy\'s 5a medium modified (Thermo) supplemented with fetal bovine serum to a final concentration of 10%. Normal human primary dermal fibroblasts from neonatal foreskin (ATCC^®^ PCS-201-010) were grown in fibroblast basal medium supplemented with Fibroblast Growth Kit--Low Serum (ATCC PCS201041). MCF-7 and the non-tumorigenic breast MCF-10A cell line were a generous gift of Dr Brian Adams (Harvard University). To induce DNA damage, cells were treated with 0.5, 1 or 2 μM doxorubicin hydrochloride (Sigma) for 12 h. HEK293 cells (2 × 10^5^ cells/well) were transfected with 250 ng of DNA using Lipofectamine 2000 (Thermo), according to manufacturer\'s instructions. Transfected cells were incubated in complete medium for 36 h.

Northern blot analysis {#SEC2-3}
----------------------

Northern blot analysis was performed using the NorthernMax^®^ Kit (Thermo), following manufacturer\'s instructions. Nuclear RNA was extracted using the Nuclei Pure Prep Nuclei Isolation Kit (Sigma) and further purified with the RNeasy Maxi Kit (Qiagen). A ^32^P body-labeled RNA probe complementary to the first 920 nt of hLincRNA-p21 was used for hybridization. Hybridization was performed overnight at 60°C in a hybridization oven with orbital shaking.

Total RNA extraction and Nuclear/Cytoplasmic RNA fractionation {#SEC2-4}
--------------------------------------------------------------

Total RNA was extracted using Trizol (Thermo) according to manufacturer\'s instructions. Nuclear and cytoplasmic RNA fractionation was performed as in Hu *et al*. ([@B18]). After extraction, total and fractionated RNAs were treated with 10 U of TURBO DNase (Thermo) for 1 h at 37°C.

Reverse transcription PCR (RT-PCR) and quantitative reverse-transcription PCR (qRT-PCR) {#SEC2-5}
---------------------------------------------------------------------------------------

The cDNA was generated by reverse transcription (RT) using random hexamers (Thermo) and SuperScript II reverse transcriptase (Thermo) from total or fractionated RNA. The PCR reaction was performed using Platinum Taq DNA Polymerase (Thermo). The qRT-PCR was performed on cDNA using the LightCycler^®^ 480 SYBR Green I Master (Roche). Supplementary Table S1 reports a list of all primers used. See Supplementary Data for detailed descriptions.

RNA fluorescence *in situ* hybridization (RNA-FISH) {#SEC2-6}
---------------------------------------------------

RNA fluorescence in situ hybridization (RNA-FISH) was performed as in Byron *et al*. ([@B19]) and Trcek *et al*. ([@B20]) with some modifications. Briefly, fixed cells were hybridized with 10 ng of RNA probe, followed by overnight incubation. RNA probes were obtained by *in vitro* transcription in the presence of DIG-11-UTP (Roche) for hLincRNA-p21 and ChromaTide^®^ Alexa Fluor^®^ 488-5-UTP (Thermo) for NEAT1 RNA and MS2 tag. After washing, indirect fluorescent labeling of hLincRNA-p21 was performed using Cy3-conjugated anti-digoxigenin antibody (Jackson Immuno Research). See Supplementary Data for detailed descriptions.

Confocal imaging and colocalization analysis {#SEC2-7}
--------------------------------------------

RNA-FISH images were acquired using a Zeiss LSM 510 confocal microscope (Carl Zeiss Inc.) equipped with a 63X Plan-Apo/1.4 NA Oil with DIC capability objective. Cells were imaged using 0.75 μm z-dimension axis steps across a range of approximately 3--4 μm and a pixel dwell time of 6.39--25.6 μs. To calculate the fraction of NEAT1 lncRNA that colocalizes with hLincRNA-p21, the plugin Coloc2, written for Image J (NIH) ([@B21]), was used. Using nuclei as a region of interest, Mander\'s coefficients with thresholds ([@B22]) and the associated Costes P-values ([@B23]) were obtained for every cell.

Sedimentation-velocity analytical ultracentrifugation (SV-AUC) {#SEC2-8}
--------------------------------------------------------------

Sedimentation-velocity analytical ultracentrifugation (SV-AUC) was performed according to Chillon *et al*. ([@B24]). See Supplementary Data for detailed descriptions.

Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) {#SEC2-9}
--------------------------------------------------------------------

Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) analysis was performed according to Chillon *et al*. ([@B24]). See Supplementary Data for detailed descriptions.

Analysis of RNA modifications {#SEC2-10}
-----------------------------

Total RNA was extracted from HEK293 cells using Trizol (Thermo) and reverse transcribed with SuperScript II reverse transcriptase (Thermo) using either random hexamers (Thermo) or a hLincRNA-p21 specific primer (Supplementary Table S1). Total DNA was extracted from HEK293 cells using DNAZOL (Thermo). Two regions of hLincRNA-p21 covering the sense and the antisense *Alu* sequences were amplified by PCR, cloned in the pGEM-T Easy Vector (Promega) and sequenced. Sequences from cDNA and genomic DNA were aligned using SeqMan (DNASTAR, Inc). Supplementary Table S1 reports the list of primers used.

Covariation analysis {#SEC2-11}
--------------------

Covariation analysis was performed as described previously ([@B25]). See Supplementary Data for detailed descriptions.

RESULTS AND DISCUSSION {#SEC3}
======================

hLincRNA-p21 contains IR*Alu* elements in its sequence {#SEC3-1}
------------------------------------------------------

A partial 2750-nt long sequence of hLincRNA-p21 had been obtained previously by Yoon *et al*. ([@B9]), who proposed that hLincRNA-p21 may contain an intron comprising nucleotides 928 to 1722, in analogy with mLincRNA-p21 (Figure [1A](#F1){ref-type="fig"}). To determine the splicing levels of hLincRNA-p21 *in vivo*, we performed RT-PCR on total RNA extracted from six different human cell lines, including one non-tumorigenic and five cancerous cell lines, and from one primary culture, and we amplified different regions of hLincRNA-p21 (Figure [1B](#F1){ref-type="fig"}). No product was observed from primers that span the putative exon--exon junction in any cell culture analyzed, leading us to conclude that hLincRNA-p21 does not contain an intron and is in fact a single-exon lncRNA (Figure [1C](#F1){ref-type="fig"}).

We next determined the 5′ and 3′ boundaries of hLincRNA-p21. At the 5′ end, hLincRNA-p21 was reported to start at position chr6:36,667,296 (GRCh38/hg38) ([@B9]) and this transcription start site can also be identified in RNA-seq data obtained from the ENCODE project (Figure [1D](#F1){ref-type="fig"}). However, the 3′ boundary of hLincRNA-p21 had remained completely uncharacterized. We detected two different 3′ end sites by 3′-RACE (Figure [1C](#F1){ref-type="fig"}). Using conventional oligo(dT) priming, we detected a 3′ end site (end site 1) located 2882 nt downstream of the transcription start site and adjacent to a genomically encoded polyadenosine tract and a polyadenylation signal. We refer to this isoform as SIsoE1 ([S]{.ul}hort [Iso]{.ul}form [E]{.ul}nding at site [1]{.ul}). However, when priming was achieved by linking an RNA oligonucleotide adapter to the 3′ end of total cellular RNA, we detected a second 3′ end site (end site 2), located 3898 nt downstream of the transcription start site. At this end site, hLincRNA-p21 is non-polyadenylated and we refer to this isoform as LIsoE2 ([L]{.ul}ong [Iso]{.ul}form [E]{.ul}nding at site [2]{.ul}). Both end sites are supported by RNA-seq data obtained from the ENCODE project (Figure [1D](#F1){ref-type="fig"}) ([@B26]). Moreover, we confirmed the existence of these two hLincRNA-p21 isoforms by northern blotting (Figure [1E](#F1){ref-type="fig"}), which reveals the presence of two major bands migrating at approximately 3000 and 4000 nt in length, respectively.

To analyze if the sequence of these two isoforms of hLincRNA-p21 possess protein-coding capacity, we examined their coding potential using PhyloCSF ([@B27]) and compared it with that of the gene encoding the cell-cycle regulator p21(CDKN1A) (Figure [1F](#F1){ref-type="fig"}). The analysis revealed that, while the CDKN1A gene has an expectedly high coding potential (positive value), neither of the two hLincRNA-p21 isoforms has any coding potential (negative values) (Figure [1F](#F1){ref-type="fig"}). Based on this analysis, we confirm that hLincRNA-p21 is a *bona fide* non-coding RNA. Moreover, to analyze if hLincRNA-p21 is in fact an intergenic RNA, we inspected the region surrounding hLincRNA-p21 in the genome using publicly-available RNA-seq datasets and checked the latest RefSeq records (Annotation Release 107). We did not detect any transcripts overlapping with hLincRNA-p21 in the antisense orientation.

Surprisingly, both hLincRNA-p21 isoforms contain two inverted repeat *Alu* elements (IR*Alus*) (Figure [1C](#F1){ref-type="fig"}). The sense element of these IR*Alus* is located at positions 2589--2895 and the antisense *Alu* element is located at positions 1351--1651. The distance between the sense and the antisense *Alu* elements in hLincRNA-p21 is 937 nt, which is similar to the distance between functional inverted *Alu* elements identified in other RNAs ([@B28]--[@B31]). Both *Alu* elements belong to the Sx1 subfamily of short interspersed nuclear elements (SINEs). As expected for *Alu* elements, they are present only in lincRNA-p21 sequences from primates, where they show a high degree of sequence conservation (Supplementary Figure S1).

Since *Alu* elements in certain pre-mRNAs induce the formation of circular RNA isoforms ([@B32]), we checked for such a possibility by conducting RT-PCR using divergent primers. We did not observe any circular forms of hLincRNA-p21.

We also determined the abundance of hLincRNA-p21 in cells in the presence and absence of stress. Compared to mLincRNA-p21, which is present at 2 copies per cell in the absence of stress and at 8 copies per cell in the presence of stress ([@B5],[@B6]), hLincRNA-p21 is more abundant, with 40 copies per cell in the absence of stress and more than 600 copies per cell in the presence of the chemotherapeutic drug doxorubicin (Figure [1G](#F1){ref-type="fig"}). Similar levels of hLincRNA-p21 in different cell lines were reported elsewhere ([@B11]).

In summary, hLincRNA-p21 is a linear, single exon lncRNA that contains IR*Alu* elements. Such properties clearly distinguish hLincRNA-p21 from mLincRNA-p21, despite the fact that these RNAs are located in syntenic regions in human chromosome 17 and mouse chromosome 6, respectively. Homology analyses of these genes show that hLincRNA-p21 and mLincRNA-p21 only share 130 nt at their 5′ end, which include a p53-response element and the binding site for protein hnRNP K (Figure [1A](#F1){ref-type="fig"}) ([@B5],[@B6],[@B8]), while the rest of their gene sequences are different. This difference suggests that mlincRNA-p21 and hLincRNA-p21 evolved independently and diverged after the split of mouse and human lineages.

The hLincRNA-p21 inverted repeat *Alu* elements form independent structural domains *in vitro* {#SEC3-2}
----------------------------------------------------------------------------------------------

Next, we determined the secondary structure of the IR*Alu* elements within hLincRNA-p21 using an approach previously applied to other lncRNAs ([@B25]). To this end, we transcribed hLincRNA-p21 *in vitro* under non-denaturing conditions ([@B24]) and obtained high yields of pure and homogenous RNA (Supplementary Figure S2A). Sedimentation-velocity analytical ultracentrifugation showed that hLincRNA-p21 folds at near physiological concentrations of MgCl~2~ (*K*~1/2Mg~ = 5 mM) and reaches maximum compaction at 15 mM MgCl~2~ (Supplementary Figure S2B). We determined the secondary structure of the sense and antisense *Alu* elements in the context of the long isoform using SHAPE, at both 5 and 15 mM MgCl~2~, using an established protocol ([@B33]). Reactivity values obtained at 5 and 15 mM MgCl~2~ correlated well for all nucleotides (Supplementary Figure S2C and D). We observed that both sense and antisense *Alu* elements are composed of a left and a right arm, defined such that the left arm of the sense *Alu* is homologous to the right arm of the antisense *Alu*, and *vice versa* (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). The two arms of each *Alu* element are connected by a single-stranded region with high SHAPE reactivity. Each arm consists of a 5′ domain characterized by a central three-way junction and a 3′ domain characterized by a long stem-loop. Residues located in the terminal loops of the 5′ domain in each arm display low SHAPE reactivity, which is consistent with putative interactions via two or three base pairs, as observed for other *Alu* elements (dotted lines, Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}) ([@B34]). Overall, the secondary structures we have determined for the IR*Alus* in hLincRNA-p21 are almost identical to those reported through enzymatic and comparative analyses for other *Alu* elements and *Alu*-related RNAs ([@B35],[@B36]). Our structures also agree with the reported crystal structures of a mammalian *Alu* element and of the *Alu* domain of the signal recognition particle ([@B37],[@B38]). Considering that RNA may fold co-transcriptionally ([@B39],[@B40]), the separate organization of the two IR*Alus* into two independently folded units is likely to be energetically more favorable than a previously proposed foldback structure in which base pairs are formed between the sense and the antisense *Alu* elements ([@B28],[@B41]).

![Inverted repeat *Alu* elements (IR*Alus*) in hLincRNA-21 fold as independent structural domains *in vitro*. (**A** and **B**) Experimentally-derived secondary structures of sense (**C**) and antisense (**D**) *Alu* sequences of hLincRNA-p21. A schematic diagram of hLincRNA-p21 LIsoE2 isoform highlights the relative position of each structure in the RNA sequence (top). Colors of the circles around each nucleotide indicate SHAPE reactivity. The dotted lines represent putative tertiary contacts between the terminal loops of the three-way junctions. Data values are the mean of two biological replicates. Observed U to C transitions are indicated by colored arrowheads. The frequency values represent the fraction of observed transitions of *n* = 93 sequences from eight biological replicates for the sense *Alu* and *n* = 35 sequences from three biological replicates for the antisense *Alu*. Covariation of lincRNA-p21 in human and nine other primates is shown in boxes for selected regions (See also Supplementary Figure S3).](gkw599fig2){#F2}

Functional confirmation of our structures comes from a covariation analysis of the hLincRNA-p21 *Alu* elements (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, Supplementary Figure S3A and B). We compared sequences of lincRNA-p21 from 10 primate species. Species beyond primates were excluded because *Alu* elements are restricted to this taxonomic order ([@B42]). Overall, we observed a high level of sequence conservation across the *Alu* elements of lincRNA-p21 (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, insets, red boxes; Supplementary Figure S3A and B), including consistent half-flips and covariant base-pairs that preserve their structural architecture (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, insets, blue and green boxes, respectively; Supplementary Figure S3A and B). Thus, our analysis reveals selective evolutionary pressure to preserve the *Alu* elements embedded in lincRNA-p21.

Given that *Alu* sequences frequently contain post-transcriptional modifications, such as adenosine-to-inosine editing ([@B28]), we also examined whether nucleotides in hLincRNA-p21 are edited. To this end, we sequenced hLincRNA-p21 cDNA from HEK293 cells using random hexamers and primers that anneal specifically to hLincRNA-p21 and we compared the sequence of the cDNA with that of the genomic DNA extracted from the same cells (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, Supplementary Figure S2E). Surprisingly, all cDNA sequences obtained from random and from sequence-specific primers, but none of the genomic DNA sequences, contained unusual uridine-to-cytosine transitions in both the sense and the antisense *Alu* sequences. No modifications were observed in cDNA sequences outside of the *Alu* regions. In addition, we calculated the frequency of occurrence and the positions of these observed substitutions in the secondary structure. We observed that 80--90% of the events are localized within single-stranded regions or in the vicinity of loops, and would not affect the conserved structure of hLincRNA-p21 *Alu* elements. Interestingly, we noted that some uridines that undergo U-to-C interchanges correspond to cytidines in the genome of primate ancestors. This observation is notable in light of a recently described process named 'RNA memory of evolution', by which RNA editing is used to revert DNA mutations to their ancestral sequence ([@B43]). Nevertheless, we are unsure whether these observations are the result of bona-fide U-to-C editing process ([@B44],[@B45]) or the signature of some type of RNA modification, as no enzyme is known to perform U-to-C RNA editing.

In summary, we found that the sense and antisense *Alu* elements form independent structural domains in the context of hLincRNA-p21 and that these domains are highly conserved among primates.

The structure of the IR*Alu* elements contributes to hLincRNA-p21 nuclear localization {#SEC3-3}
--------------------------------------------------------------------------------------

In many cells, mRNAs containing inverted repeat elements in their 3′ untranslated regions are retained in the nucleus in paraspeckles through interaction with the dsRNA-binding protein p54nrb ([@B31],[@B46]). Therefore, we investigated if the secondary structure of the IR*Alu* elements of hLincRNA-p21 affects the localization of this RNA to the nucleus. To this end, we transfected HEK293 cells with hLincRNA-p21 constructs containing mutations in the IR*Alu* elements and compared their cellular distribution with that of wild-type (WT) constructs of both hLincRNA-p21 isoforms SIsoE1 and LIsoE2 (Figure [3](#F3){ref-type="fig"}). Specifically, we disrupted the secondary structure of the IR*Alu*s by replacing the nucleotides within the 5′ portion of each helical stem (Figure [3A](#F3){ref-type="fig"}). We produced three types of mutants: those that contain mutations only in the sense *Alu* element (dS-Alu), only in the antisense *Alu* element (dA-Alu) and in both *Alu* elements (dIR-Alu). In addition, we used a truncated construct (5E), which comprises the first 920 nt of hLincRNA-p21 and thus preserves all known regulatory elements of this RNA, including the p53 response element and the hRNP K binding region ([@B5]), but lacks both *Alu* elements. If the IR*Alus* are necessary for nuclear retention, then the resulting mutants, with disrupted IR*Alu* secondary structure or missing IR*Alu*s, should escape from the nucleus. To quantify expression levels of WT and mutant hLincRNA-p21 in the nuclear and cytoplasmic compartments, we conducted cellular fractionation followed by qRT-PCR (Figure [3B](#F3){ref-type="fig"}, Supplementary Figure S4A and B). We observed ∼2-fold enrichment in the nucleus of the WT constructs compared to the mutant constructs (Figure [3B](#F3){ref-type="fig"}). Importantly, restoring the secondary structure of the sense *Alu* element by compensatory mutations to a disrupted construct partially recovered the WT phenotype (78% capacity of nuclear retention of the restored construct, dS-res, compared to 57% of the disrupted construct, dS-Alu, in respect to WT, Supplementary Figure S4C). We confirmed these results by RNA-FISH using the above constructs modified with an MS2 tag extension and a probe complementary to the MS2 hairpins, allowing us to discriminate between endogenous and transfected molecules (Figure [3C](#F3){ref-type="fig"}). Although nuclear delocalization of the mutant constructs is statistically significant (Figure [3B](#F3){ref-type="fig"}), there is still a considerable amount of nuclear retention for all of the mutant RNAs. This observation suggests that other factors, such as the interaction of the 5′ end of hLincRNA-p21 with protein hnRNP K ([@B5],[@B8]), may also regulate the cellular localization of hLincRNA-p21 in addition to IR*Alus*.

![The secondary structure of the inverted repeat *Alu* (IR*Alu*) elements is involved in hLincRNA-p21 nuclear localization. (**A**) Schematic representation of an *Alu* element indicating the strategy followed to disrupt the secondary structure of the RNA helices for each *Alu* element. (**B**) Relative subcellular distribution of various hLincRNA-p21 constructs quantified by qRT-PCR using nuclear and cytoplasmic RNA fractions. Wild-type (WT), disrupted IR*Alu* elements (dIR-Alu), disrupted sense *Alu* element (dS-Alu) and disrupted antisense *Alu* element (dA-Alu) constructs derived from the short isoform ending at site 1 (SIsoE1) and the long isoform ending at site 2 (LIsoE2) were used. A truncated 5E construct, retaining the first 920 nt of hLincRNA-p21 was also included. β-actin was used for normalization. Data represent the mean ± SEM of three biological replicates. The *P*-values obtained from unpaired *t*-test are \<0.05 for all samples, assuming a level of significance α = 0.05. (**C**) Representative RNA-FISH maximum projection images depicting cellular distribution of WT and selected mutant hLincRNA-p21 constructs transfected in HEK293 cells. Cells were harvested 36 h after transfection and RNA-FISH was performed using a probe complementary to the MS2 hairpins (green). Nuclei were identified with NucRed staining (magenta). Schematic representations of the MS2-tailed constructs used for the heterologous expression of hLincRNA-p21 are also shown (upper right).](gkw599fig3){#F3}

Taken together, these data show that the structures of the IR*Alu* elements formed by hLincRNA-p21 are an important determinant for nuclear localization of this lncRNA.

hLincRNA-p21 colocalizes with paraspeckles *in vivo* during the course of the stress response {#SEC3-4}
---------------------------------------------------------------------------------------------

To gain insight into the functional relevance of hLincRNA-p21 nuclear localization, we next sought to examine the subcellular distribution of the endogenous hLincRNA-p21 in different cell lines. We quantified the expression of hLincRNA-p21 by qRT-PCR in the nuclear and cytoplasmic compartments of two cell lines before and after inducing DNA damage by the chemotherapeutic drug doxorubicin (Figure [4A](#F4){ref-type="fig"} and Supplementary Figure S5A). We observed that the levels of hLincRNA-p21 are equally abundant in the nucleus and cytoplasm of cells in the absence of doxorubicin and that they increase exponentially after DNA damage. Specifically, in the presence of doxorubicin, hLincRNA-p21 was enriched up to 17-fold for U-2 OS cells and 3-fold for HCT-116 cells, indicating that this lncRNA does indeed predominantly accumulate in the nucleus. In line with previous reports ([@B9],[@B11]), we also observed a fraction of hLincRNA-p21 in the cytoplasm after hLincRNA-p21 induction (30% in HCT-116 and \<10% in U-2 OS cells).

![The hLincRNA-p21 colocalizes with paraspeckles in the nucleus. (**A**) Quantification of endogenous hLincRNA-p21 by qRT-PCR in the nuclear and cytoplasmic fractions after the treatment with increasing concentrations of doxorubicin in different cell lines for 12 h. Data represent the mean ± SEM of two biological replicates. (**B**) The distribution of the fraction of NEAT1 spots that colocalize with hLincRNA-21 in doxorubicin-treated and untreated cells (*n* = 14 at 0 μM and *n* = 15 at 1 μM doxorubicin for MCF-7 and *n* = 18 at 0 μM and *n* = 18 at 1 μM doxorubicin for HCT-116). Mander\'s coefficients, indicating the degree of overlap, were obtained using Coloc2 (ImageJ) from RNA-FISH experiments performed in different cell lines. (**C**) Representative RNA-FISH single confocal plane images showing cellular distribution of endogenous hLincRNA-p21 and colocalization with NEAT1 in different cell lines at 1 μM doxorubicin. Overlapping foci between NEAT1 and hLincRNA-p21 are highlighted by arrows. Linescan analyses (right panel) were performed through the spots indicated by yellow arrows in the merge panel.](gkw599fig4){#F4}

To ascertain whether hLincRNA-p21 is incorporated into paraspeckles, we examined the colocalization of hLincRNA-p21 and the lncRNA NEAT1 (also known as MEN epsilon), an essential paraspeckle component ([@B47]--[@B49]), by RNA-FISH (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}, Supplementary Figure S5B and C). We investigated the colocalization of hLincRNA-p21 and NEAT1 in untreated cells as well as in the presence of doxorubicin. Doxorubicin concentration was restricted to 1 μM as paraspeckles disorganize and the expression of lncRNA NEAT1 decreases exponentially in response to higher concentrations of this chemotherapeutic drug (Supplementary Figure S5D) or to other types of stresses ([@B18],[@B50]). We scored the correlation between hLincRNA-p21 and NEAT1 and found that 40--60% of the total signal of NEAT1 colocalized with hLincRNA-p21 (Figure [4B](#F4){ref-type="fig"} and Supplementary Figure S5B), both in the absence and presence of DNA damage for MCF-7 and HCT-116 cells, which is considered a case of medium to high colocalization ([@B51]).

Taken together, these data show that hLincRNA-p21 is predominantly localized in the nucleus, where it accumulates in the presence and in the absence of stress conditions. Thus, hLincRNA-p21 differs significantly from some mRNAs that contain inverted repeat (IR) elements, e.g. from mouse CTN-RNA, which is released from paraspeckles upon cellular stress, and undergoes cleavage of its IR elements and consequent translocation of an IR-depleted mRNA to the cytoplasm ([@B46]).

In conclusion, our work reveals that hLincRNA-p21 possesses inverted repeat *Alu* elements (IR*Alus*) in its mature, single exon functional isoforms. These IR*Alu* elements form structural domains that are conserved in primates and which regulate the cellular localization of hLincRNA-p21 over the course of the stress response. These observations help explain properties of hLincRNA-p21 that were previously considered contradictory, such as the ambiguous localization of this RNA and its morphological differences with respect to mLincRNA-p21. Future work should determine whether hLincRNA-p21, like mLincRNA-p21, has an active role in transcriptional regulation. Our results suggest a regulatory role that is synergistic with NEAT1, which has recently been found to localize at genomic sites over active genes ([@B52]). However, we cannot rule out that hLincRNA-p21 is a target of NEAT1 transcriptional regulation or that it is retained in paraspeckles as an inactive form. Independent of its exact physiological role, our work shows that the molecular mechanism of hLincRNA-p21 can be fully understood only in the context of its RNA structure. Structural domains, like IR*Alu*s, may be crucial in determining how this lncRNA acts as a regulatory checkpoint during the stress response and it may serve as potential new target for chemotherapies.
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